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Although inductively coupled plasma mass spectrometry (ICP-MS) offers a powerful multielement analytical method, the background spectra originated from argon species often interfere with the determination.
For example, the determination of traces of arsenic in chloride solutions is very difficult because of the formation of diatomic molecular ions of 40 Ar 35 Cl + . To overcome this problem, we tried to use lowpressure helium ICP-MS, 1,2 where a plasma was sustained with a small quantity of helium gas and a water-cooled torch. Conventional pneumatic nebulizers, however, were not used to introduce aqueous sample solutions, because they were not compatible with the low-pressure ICP. Direct nebulization of saline solutions caused the clogging of a sampling orifice as well as serious contamination inside the mass spectrometer.
The present paper describes the effective combination of electrothermal vaporization 3 and low-pressure helium ICP-MS, where microliter aqueous samples are dried and vaporized on a tungsten filament and transferred to the ICP with a stream of helium. The proposed method has been applied to the detection of arsenic at the ng/ml level in chloride solutions of alkali and alkaline earth metals.
Experimental

Apparatus
The interface of low-pressure helium ICP and a mass spectrometer (Seiko Instruments SPQ6500) is illustrated in Fig.  1 . A plasma torch designed in our laboratory 1,2 was cooled with water at a flow rate of 2.6 l/min and shielded electrostatically to suppress an intensive secondary discharge. The pressure in the torch was ca. 5 Torr. A copper sampling-cone with a 0.9-mm orifice, a load coil (three turns, 31 mm i. A combined method of electrothermal vaporization and low-pressure helium ICP-MS was developed for the determination of traces of arsenic in chloride solutions, because serious spectral interference occurred in conventional argon ICP-MS. On a tungsten filament was placed 5 µl of a sample and heated electrothermally to remove the solvent. The resulting residue on the filament was covered with a vaporization chamber, and after reducing the pressure to ca. 5 Torr, it was rapidly heated by discharging a high-capacity condenser (0.22 F). The vapor of arsenic was transferred to a helium plasma with a stream of carrier gas for the determination. The background was not observed at m/z of 75, which allowed the determination of arsenic at ng/ml levels in chloride solutions. Sodium chloride significantly enhanced the intensity of the arsenic signal, whereas other chlorides, including KCl, MgCl2, CaCl2 and NH4Cl, suppressed the analytical signals. This enhancement due to sodium ions seems to be a peculiar phenomenon to the helium ICP. The proposed method can be applied to direct determinations of as low as 0.9 ng/ml of arsenic in seawater. stable low-pressure helium ICP. The flow rates used were 200 and 300 ml/min for the outer gas and carrier gas, respectively.
An electrothermal vaporization apparatus is illustrated in Fig.  2 . A looped tungsten filament (0.2 mm diam. × 45 mm; 5 µl of sample loaded) was set on the terminals, which were connected to a DC power supply (Takasago Seisakusyo Model GPO 25-5) or a high-capacity condenser (0.22 F, Nippon Chemi-Con). A stainless shielding plate (50 mm × 50 mm) was inserted between the torch and the vaporization chamber to prevent extinction of the plasma when the condenser was discharged. A nylon tube (4 mm i.d. × 30 mm) was used to link the vaporization chamber to the ICP-torch.
Reagents
A standard arsenic solution (1.00 mg/ml) was prepared by dissolving 0.100 g of arsenic (powder, Nacalai Tesque) in 10 ml of 14 M nitric acid and diluting to 100 ml with water. The solution was further diluted to appropriate concentrations with water immediately before use. All reagents used were of analytical grade. Water was purified by distillation and ion exchange, and then passed through a Millipore Milli-Q purification system.
Procedure
A 5-µl volume of a sample was placed on a tungsten filament, which was heated by passing a current of 2.6 A for 100 s to evaporate the solvent. The sample residue on the filament was covered with the vaporization chamber and its pressure was reduced to ca. 5 Torr through a mechanical vacuum pump. After charging the high-capacity condenser at 14 V and connecting the chamber to the ICP-torch by turning the PTFE three-way stopcock, the filament was rapidly heated by discharging the condenser. The vapor of arsenic was transferred to the plasma with a stream of carrier gas for the determination. The transient arsenic signal was integrated for 150 ms. The filament was then cleaned by discharging the condenser without loading a sample.
Results and Discussion
Optimization of operating conditions for low-pressure helium ICP
The radio-frequency (RF) power was fixed to 500 W, because a stable plasma was not obtained with less than 400 W. Running water around the torch started to boil at a power of 600 W. Figure 3 shows the effect of the gas flow rates on the intensity of the arsenic signal. The intensity gradually increased with increasing the flow rate of the carrier gas, and reached the maximum at 300 ml/min (see Fig. 3a) . At higher flow rates, however, the plasma became unstable. The arsenic signal was also increased with increasing the outer gas up to a flow rate of 120 ml/min and kept nearly constant at higher flow rates. The optimum flow rates, therefore, were determined to be 300 and 200 ml/min for the carrier gas and outer gas, respectively.
Determination of arsenic in saline solutions
Since arsenic is a monoisotopic element (isotopic abundance of 75 As 100%), spectral interference due to 40 Ar 35 Cl + is very serious in conventional argon ICP-MS. In the present work, helium was used instead of argon to eliminate this interference. Different chloride solutions (3 w/v%; NaCl, KCl, MgCl2, CaCl2 and NH4Cl) containing arsenic (100 ng/ml) were placed on a tungsten filament; vaporization, ionization and signal counting were carried out as described in Procedure. Table 1 shows the effect of chlorides on the determination of arsenic. Chlorides of K, Mg, Ca and NH4 suppressed appreciably the arsenic signal, whereas sodium chloride enhanced the signal by 1.6 times. In all cases, the background around m/z of 75 was negligibly small. almost constant at higher concentrations (see Fig. 5 ). A significant enhancement of the sensitivity caused by sodium ions was also found in atmospheric helium ICP-MS, 4 though the mechanism was not elucidated in detail. This enhancement seems to be a peculiar phenomenon to helium ICP, because sodium ions generally suppress analytical signals in conventional argon ICP-MS. [5] [6] [7] Arsenic signals were found to be enhanced 1.1 times in seawater as well. The detection limit for arsenic was 0.9 ng/ml (based on 3σ). Therefore, polluted seawater or river water can easily be analyzed by the proposed method. At present, the sensitivity is not sufficient for the direct determination of arsenic in uncontaminated seawater samples. The complete suppression of the secondary discharge near the sampling cone and the use of a much higher power of RF may improve the sensitivity effectively. Further, the helium-ICP can also be applicable to the determination of traces of iron ( Fig. 4 Profiles of the transient arsenic signal. a) 100 ng As/ml in pure water, b) 100 ng As/ml in 3 w/v% sodium chloride, and c) 3 w/v% sodium chloride. Fig. 5 Effect of the quantity of sodium chloride on the arsenic intensity (100 ng As/ml).
